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The	
  Experimental	
  Landscape

• Experiments	
  designed	
  to	
  study	
  rare	
  events	
  require:
• Mhz	
  to	
  Ghz/cm2	
  rates	
  in	
  the	
  tracking	
  systems
• 1	
  ns	
  -­‐	
  10’s	
  psec	
  Eme	
  resoluEon	
  to	
  reduce	
  accidental	
  rates
• <<1%	
  radiaEon	
  length/hit	
  to	
  reduce	
  material	
  induced	
  

mulEple	
  scaHering	
  or	
  backgrounds
• RadiaEon	
  resistance?
• Good	
  posiEon	
  (mass)	
  resoluEon

• We	
  went	
  over	
  some	
  examples	
  (ORKA,	
  G-­‐2,	
  µ-­‐>e	
  conversion, 
µ-­‐>eƔ,	
  nn-­‐bar	
  oscillaEons)

• Each	
  is	
  unique	
  with	
  some	
  clear	
  and	
  some	
  not-­‐so-­‐clear	
  
tradeoffs

Can	
  extract	
  some	
  general	
  R&D	
  needs	
  -­‐	
  but	
  specific	
  
requirements	
  need	
  detailed	
  analysis	
  of	
  proposed	
  experiments
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ORKA	
  k+→π+νν (Numao)

Momentum	
  resoluEon	
  is	
  
key	
  to	
  background	
  rejecEon

•Energy	
  loss	
  in	
  target,	
  
mulEple	
  scaHering,	
  dri\	
  
chamber	
  resoluEon
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Possible	
  ORCA	
  Improvements	
  from	
  E949

	
  Numao	
  

Many incremental gains 
- need to quantify

What are the areas to 
provide most benefit?
Do inner/outer high 
precision detectors help 
significantly?

Is there a better way to 
achieve  z resolution in 
a large chamber?
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G-­‐2	
  (Casey,	
  Nguyen)

Muon Orbit

Decay positron
trajectory

Muon decay point

Vacuum
Chamber
Window

Calo20Calo19
TB1 TB2 TB3 TB4

Fig. 3. A schematic view from above of the traceback. Muons decay to positrons in
the storage region. The positron then must travel through the thin window in the
face of the shortened vacuum chamber scallop, through the traceback and into the
calorimeter.

3 Construction

3.1 Straws and wires

Each drift tracking straw is com-
posed of a 15 µm diameter gold-
plated tungsten anode sense wire, an
8 mm inner diameter spiral wound
aluminized mylar straw cathode 1 ,
two brass placement pins, a set of
precision manufactured delrin straw
alignment bolts 2 , two aluminum
grounding rings, a stainless steel
grounding spring washer and a stain-
less steel spring 3 . Figure 5 shows
the end region of a straw. The anode
wire is held by the brass placement
pin which is inserted into the straw
alignment bolt. The inner aluminum
surface of the straw (the cathode of
the drift tube) is electrically con-

1 Straw manufactured by Euclid Spiral
Paper Tube, Apple Creek, OH 44606
2 Pins and alignment bolts manufac-
tured by Posimech Incorporated, Med-
ford, NY 11763
3 Ordered from McMaster-Carr Sup-
ply, Elmhurst, IL 60126

nected by the aluminum grounding
ferrule to the grounded aluminum
frame. Two holes through the align-
ment bolt are used as gas inlets and
exhausts. Vertical straws measure
15.25 cm and horizontal straws are
25 cm.

To cut a straw to length, a guillotine
with a red-hot 50 µm thick tungsten
wire as a blade is used. The alu-
minum ferrule is attached to the in-
side of the straw by inserting the sil-
ver epoxy (TRA-DUCT CO-2922 4 )
into the void around the waist of the
ferrule through the glue port using
a syringe. It is important that the
alignment of ferrule and straw is con-
sistent and exact. Custom tools are
built to hold the straw in position
during assembly and drying. The
ferrule sits on a delrin shaft, which
is aligned with the straw. With this
setup, the straw ferrule combination
is assembled, the glue applied and
left to dry. The final assembly can
then be removed from the shaft. Ac-
counting for the assembly, gluing,

4 TRA-DUCT CO-2922 is produced by
TRACON Medford, MA 02155

5

E821

•  Vacuum chamber modified in front of one calo 

–  Drastically effected positrons hitting calo 

–  Drives need to put new system in vacuum 

•  Chamber locations not optimal 

–  Only accepted highest energy positrons 

•  Sufficient resolution to meet physics requirements in the vertical plane 

–  Best EDM limit 

•  Insufficient resolution to meet physics requirements in the radial (bending) 
plane 

–  Can be resolved with better design, particularly better momentum acceptance 
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as a function of the positron to muon momentum fraction is shown in Figure 6.  The distance from the 
calorimeter face to where the positron enters the scallop region is also shown.  This indicates that the 
optimal coverage region is approximately half a meter in front of the calorimeters.  It also indicates that 
the muon distribution can be mapped approximately 1 meter from the calorimeters removing the long 
lever arm required by the E821 geometry and allowing us to stay clear of upstream collimators. These 
calculations will be updated with simulation by my RA and I, including spreads in the initial muon 
distribution, positrons that hit any region of the calorimeter, and the non-uniform B field. 

 

Figure 6:  Left:  The distance between the calorimeter and the muon decay position for positrons that 
strike the midpoint of the calorimeter face as a function of the positron to muon momentum fraction.  
Right:  The distance between the calorimeter and the location that the positrons enter the scallop region 
of the vacuum chamber also as a function of the positron momentum fraction.  The calculations assume 
circular trajectories. 

It is highly desirable to build the system without modifying the existing vacuum chambers.  Fortunately 
there are two unused vacuum ports in the tracking volume.  One is large with an inner diameter slightly 
larger than 10 cm. This is indicated in Figure 7.  Once our baseline detector concept is chosen, we will 
use Fermilab mechanical engineering resources to design a system that can be installed, serviced, and 
maintained through these ports. 

 

Figure 7:  Top view of 1/12 of the vacuum chamber for the g-2 storage ring. The tracking volume inside 
the vacuum chamber and in front of the calorimeter stations for two tracking stations is indicated.  Also 
shown is the side view of the vacuum chamber showing the two unused vacuum ports that can be used to 
access the tracking volume. 
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Technology Choice 
There are several possibilities for tracking detectors that could possibly meet the required specifications.  
I have developed a detailed detector concept based on straw tubes along with Fermilab Scientists Hogan 
Nguyen and David Christian.  We started with the straws designed for the CKM experiment [14] and have 
evolved, in parallel with the Mu2e collaboration, into a desire for straws similar to the T-Tracker of the 
Mu2e experiment [15].  This would have very low mass, will work well in the vacuum, and meets our rate 
requirements, all discussed below. 

In parallel, I have worked on two silicon options with Fermilab Scientists Ron Lipton, Bill Cooper, and 
David Christian.  We have considered a strip option based on 300 µm thick sensors purchased for the DØ 
Run IIb upgrade before the upgrade was de-scoped [16].  These would be read out with FSSRII chips [17] 
originally designed for BTeV and now being used for instrumentation upgrades for the JLab 12 GeV 
program.  We estimate that the IIb sensors could be thinned to 150 µm and retain sufficient signal to noise 
for our purposes.  We would then build the stations out of two sensors with a small stereo angle between 
sensors.  The total material budget would be close to 0.5% X0 per station. 

In an attempt to reduce the material even further, we have investigated using a 50 µm pixel device, in 
particular, the Mimosa 26 chip [18] that has been developed with ILC R&D funding.  There would be 
about 25% dead space on the chip which would require a doublet structure.  Material is also needed in the 
active region for cooling and for flex cables.  We estimate that 2.5 mm Si foam usually used to mount 
doublet pixel structures would provide adequate cooling in the vacuum but after adding the flex cables, 
the overall material budget is essentially the same as for the thinned IIb sensor option. 

 

Figure 8:  Simulated impact parameter resolution (left) and momentum resolution (right) for a 1.5 GeV 
positron versus the radial spatial resolution on a hit at a given station assuming a 50 cm lever arm in the 
tracking volume and a decay point 50 cm before the first tracking station.  The blue curve is for a 
massless detector. The red curve includes multiple scattering from a detector with 0.05% X0 per station.  
The green curve includes multiple scattering from a detector with 0.5% X0 per station.  

Assuming a 50 cm lever arm for the active detector region, a muon decay point 50 cm in front of the first 
measurement station, a uniform B field and circular orbit, we can use fast simulation to determine the 
impact parameter resolution as a function of the measurement resolution of the tracking device.  To begin 
with I assume three measurement stations and the resolution of interest is the radial or vertical resolution 
for a point provided by that station.  The results to a fit to the simulated data to extract the radial impact 
parameter and momentum for a 1.5 GeV track are shown in Figure 8.  Three curves are shown.  The first 
curve indicates a massless detector.  The second includes multiple scattering through 0.05% X0 radiation 
lengths per station, typical for a straw tracking system.  The third includes multiple scattering through 
0.5% X0, typical of a silicon detector.  From this we see that the silicon options will have a hard time 
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Have	
  considered
300	
  μ	
  Si	
  strips,	
  150	
  μ	
  Si	
  strips,	
  50	
  μ	
  Si	
  pixels,	
  fibers,	
  wire	
  chambers,	
  

straw	
  doublets,	
  triplets,	
  quadruplets,	
  XY,	
  UV	
  at	
  various	
  angles
BoSom	
  line

UV	
  straws	
  win:	
  	
  adequate	
  resolu2on	
  in	
  radial	
  and	
  ver2cal,	
  good	
  
vacuum	
  proper2es,	
  large	
  coverage,	
  room	
  for	
  redundancy….
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G-­‐2	
  Muon	
  EDM

•  EDM asymmetry is 90 degrees out of phase with 
g-2 asymmetry 

–  When decay points into the ring versus out of the ring 

–  Large flight length difference 

–  Beam spread means higher acceptance for muons 
that point in 

–  Need to define specs on knowledge of alignment and 
acceptance to get to the second order of magnitude 

Detector limited by how far your forearm can reach 
(~ 10”)

Tuesday, January 3, 2012
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Mu	
  to	
  e	
  Tracker	
  (Mukherjee)

Looking'for'a'small'
signal'on'a'rapidly'
falling'background'

E"(MeV)"

Si
gn
al
"

High'tail'from'nuclear'recoil'

• Low energy muon beam strikes target 
•  ! ranges out in target, orbits nucleus 
• Lifetime ~700nsec in aluminum 

! ~40% muon capture  ​!↑− %→​&↓! ​%↑′ �
%′ disintegration releases protons and neutrons 

! ~60% decay in orbit  ​!↑− →​e↑− ​&↓! ​​& ↓*  
These “DIO” electron energy typically < ½ the 
kinematic limit 

• Hope a few do something more interesting 
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Basic Design 

!!Beam!&!Magne*c!
Field!into!page!

A!“panel”!of!
5mm!Straws!
transverse(
to!beam!

Electronics,!
cooling,!etc.!at!
large!radius!

Dimensions!in!mm!

•  18 “stations” with straws transverse to beam 
•  Vacuum between stations to keep mass down 
•  Naturally moves readout and support to large radii 
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n	
  n-­‐bar	
  oscillaEons	
  (W.	
  M.	
  Snow)

Requirements:
excellent magnetic shielding
lots of cold neutrons

For tracker:
reconstruction of nbar annihilation
event
- needs detailed study for optimization
  and quantification of requirements
- Straws probably a good candidate
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Straw	
  Chambers

Straws	
  are	
  the	
  primary	
  opEon	
  for	
  low	
  mass	
  
(vacuum),	
  high	
  rate,	
  moderate	
  resoluEon.	
  
Chosen	
  by	
  G-­‐2,	
  μ→e,	
  NA62.	
  
•LimitaEons	
  (Oh)
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R&D	
  -­‐	
  MulE-­‐Anode	
  Straws	
  (Oh)

Straws	
  used	
  to	
  be	
  simple	
  -­‐	
  why	
  do	
  
this?

• Stereo	
  -­‐	
  Rotate	
  the	
  wire	
  plane	
  at	
  
ends	
  by	
  some	
  angle,	
  (15	
  degrees	
  in	
  
our	
  prototype)	
  in	
  opposite	
  
direcEon.	
  

• MulEple	
  hits	
  (<3>)	
  per	
  tube

Friday, June 22, 12



Silicon	
  Tracking
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NA62	
  Gigatracker	
  (Velghe)
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GigaTracker	
  (Velghe)

Each chip send data off via four 3.2 
Gbit/s optical fibers (40 links per 
station)

- High digital and analog power
- Cooling is crucial

(R. Horisberger) 
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Gigatracker	
  -­‐	
  Cooling	
  and	
  Performance	
  (Velghe)

Frame Option

Baseline - micro channel cooling 45 pixel prototype performance

Friday, June 22, 12



μ→eɣ with converted ɣ (DeJong)
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μ→eɣ with converted ɣ (DeJong)

Many design constraints and options - need mass to convert photons, minimal 
mass for tracking, separation of layers, resolutions ....

Friday, June 22, 12



STAR	
  Vertex	
  (Greiner)
CMOS	
  Pixel	
  technology

• Standard	
  process

• Low	
  mass

• long	
  charge	
  collecEon

• Excellent	
  posiEon	
  resoluEon

•  -1 ≤ Eta ≤ 1, full Phi coverage (TPC coverage) 
•  ≤ 30 µm DCA pointing resolution required for 750 MeV/c kaon 

–  Two or more layers with a separation of > 5 cm. 
–  Pixel size of ≤ 30 µm 
–  Radiation length as low as possible but should be ≤ 0.5% / layer (including 

support structure). The goal is 0.37% / layer 

•  Integration time of < 200 µs 
•  Sensor efficiency ≥ 99% with accidental rate ≤ 10-4. 
•  Survive radiation environment. 
•  Upgrade detector – fit into existing STAR infrastructure (trigger, DAQ, etc.) 
 
•  Air cooling 
•  Thinned silicon sensors (50 µm thickness) 
•  MAPS (Monolithic Active Pixel Sensor) pixel technology 

–  Sensor power dissipation ~170 mW/cm2 

–  Sensor integration time <200 µs (L=8×1027) 
•  Quick extraction and detector replacement (1 day) 

R
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m
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n 

C
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MAPS pixel cross-section (not to scale)‏ 

4um 
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STAR	
  Mechanics	
  (Greiner)

MAPS
RDO
buffers/
drivers

4-layer kapton cable with aluminium tracesAluminum conductor Ladder Flex Cable 

carbon fiber sector tubes 
(~ 200 µm thick) 

Low$mass$region$calculated$X/X0$for$Al$conductor$=$0.073$%$
Low$mass$region$calculated$X/X0$for$Cu$conductor$=$0.232$%$
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Low	
  Mass	
  Mechanics	
  (Cooper)

SiD/D0 CF Support Cylinders

Carbon fiber - Rohacell - carbon fiber support cylinders were developed for the D0 fiber tracker.
Similar cylinders were used by ATLAS for silicon support.

The two carbon fiber (CF) laminate layers (3 plies of Mitsubishi K1392U fiber per layer), in conjunction 
with a 8.9 mm Rohacell spacer, provide out-of-round stiffness (0.23% X0 total per cylinder).

Longitudinal stiffness is provided by the carbon fiber itself.
Carbon fiber laminate end rings with ball and cone mounts tie barrels to one another, help with out-of-

round stiffness, and provide a location and support for power conditioning and distribution.
Finite element analysis (FEA) gave a 
 maximum (local) deflection from 
 gravity of ~ 13 µm. 
Openings can be cut to reduce 
 average material but were not 
 assumed in the FEA.

Support structures normally rely upon unidirectional carbon fiber because of its favorable elastic modulus to 
mass and radiation length ratios.

A common fiber for low-mass structures is Mitsubishi K13C2U.
Fiber elastic modulus = 130 MSI (4.45 that of stainless steel). 
Normally obtained as “prepreg” with either epoxy or cyanate ester resin.
K13D2U has a slightly higher modulus, but is more difficult to handle.

Unidirectional prepreg is normally “layed up” in several layers (6-8) to form laminate.
The angle of each layer is chosen to control laminate properties.
Cure at 250 - 275 oF and 1 - 5 atmospheres pressure.
Cured laminate is roughly 50% fiber and 50% resin by volume.
Laminate elastic modulus  24 MSI for a quasi-isotropic lay-up (~80% that of stainless steel).

Typically, cured fiber ply thickness is 57-63 µm.
Depends on the amount of resin removed during cure.

X/X0 per ply  0.025%.
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ILC	
  Vertex	
  (SiD)	
  (Cooper)

•Goal = 0.1% X0 per layer (+ cables)
•Sensors glued to one another along edges 

and supported from ends
•75 µm silicon thickness assumed (3D 

sensors)
•Could be modified for thicker or thinner 

sensors
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Power	
  ConsumpEon

• LimiEng	
  Power	
  consumpEon	
  
is	
  crucial	
  for	
  low	
  mass	
  
pixelated	
  detectors	
  (CMS	
  
Tracker-­‐	
  17	
  kAmp)
• Move	
  electronics	
  off-­‐

detector
• Limit	
  power	
  to	
  allow	
  air	
  

cooling
• Use	
  CO2	
  cooling

• There	
  are	
  basic	
  power-­‐
speed	
  and	
  detector	
  
tradeoffs

CMS as built 

ILC Goal 

(R. Horisberger) 
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How	
  to	
  build	
  a	
  fast,	
  low	
  power	
  silicon	
  tracker

1. Minimize	
  CollecEon	
  Eme
Collect	
  electrons	
  (μe=1350	
  cm/V*sec,	
  μh=450	
  cm/V*sec)

2. Fast	
  amplifier
Tr~	
  0.35/fu,	
  fu~gm/(2πCgs),	
  High	
  transistor	
  transductance	
  gm

3. Good	
  signal/noise
σt	
  ~	
  Tr/(S/N)~1/(gm*S/N)

4. Low	
  noise,	
  high	
  signal
• (S/N)2	
  ~	
  Qs2(1/(4kTΔf)	
  (gm/Cd2),	
  thick	
  detector,	
  short	
  strips
• Noise2	
  ~	
  1/gm	
  ~	
  1/Id	
  –	
  direct	
  power	
  penalty

Minimize	
  detector	
  thickness	
  for	
  short	
  collection	
  time
Maximize	
  detector	
  thickness	
  for	
  low	
  Cd,	
  high	
  Q
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Pixel	
  Pitch	
  Scaling

Do	
  we	
  pay	
  for	
  smaller	
  pixels?
(Real	
  workshop	
  calculaEon	
  -­‐	
  
probably	
  wrong)
CMOS	
  amp	
  in	
  weak	
  inversion

• Rise	
  Eme	
  tr	
  ~	
  raEo	
  	
  Cd/gm
• Signal/noise	
  ~	
  raEo	
  

Sqrt(gm)/Cd
• Constant	
  Eme	
  resoluEon-­‐	
  

maintain	
  raEo:
tr/(S/N)	
  ~Cd2/gm3/2
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Low	
  Mass	
  Silicon	
  R&D

• We	
  know	
  we	
  can	
  get	
  good	
  
S/N	
  with	
  thin,	
  pixelated	
  
detectors	
  -­‐	
  what	
  
technologies	
  are	
  available	
  
to	
  achieve	
  this?

• Much	
  R&D	
  related	
  to	
  ILC	
  
which	
  requires	
  <.1%	
  Rl	
  per	
  
layer

• Too	
  much	
  to	
  go	
  over	
  
details	
  in	
  a	
  brief	
  talk	
  -­‐	
  but	
  
there	
  are	
  many	
  choices.	
  I	
  
will	
  concentrate	
  on	
  FNAL	
  
work

CMOS Active Pixels 

SOI 

3D 
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Processes Explored

Oxide 
bond 

3D 
Via 

1) Fabricate individual tiers 

2) Invert, align, and bond wafer 2 to wafer 1 

3) Remove handle silicon from wafer 2,  
etch 3D Vias, deposit and CMP tungsten 

Ziptronix Oxide Bonding

MIT-LL Oxide 
wafer bonding

Tezzaron cu-cu bonding

4 micron pitch
Copper hexagons

Friday, June 22, 12



The	
  goal	
  of	
  “double	
  3D”	
  work	
  is	
  to	
  
combine	
  acEve	
  edge	
  technology	
  
with	
  3D	
  electronics	
  and	
  oxide	
  
bonding	
  with	
  through-­‐silicon-­‐vias	
  to	
  
produce	
  fully	
  acEve	
  Eles.
• Driven	
  by	
  CMS	
  track	
  trigger	
  needs	
  (100’s	
  of	
  m2	
  of	
  3D	
  pixelated	
  

sensors)
• These	
  Eles	
  can	
  be	
  used	
  to	
  build	
  large	
  area	
  pixelated	
  arrays	
  with	
  

good	
  yield	
  and	
  low	
  cost	
  because	
  the	
  only	
  bump	
  bonds	
  are	
  large	
  
pitch	
  backside	
  interconnects.

• Fine	
  pitch	
  bonds	
  to	
  the	
  sensor	
  are	
  made	
  using	
  wafer	
  to	
  wafer	
  
oxide	
  bonding	
  

• The	
  SOI-­‐based	
  technology	
  can	
  provide	
  very	
  thin	
  sensors	
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AcEve	
  edge	
  assembly

• As	
  a	
  final	
  step	
  the	
  
polysilicon	
  in	
  the	
  
trenches	
  and	
  the	
  
handle	
  wafer	
  have	
  to	
  be	
  
removed	
  -­‐	
  this	
  will	
  be	
  
done	
  at	
  Stanford	
  in	
  
collaboraEon	
  with	
  SLAC

• There	
  are	
  no	
  trenches	
  
on	
  the	
  edge	
  reEcules	
  to	
  
allow	
  test	
  of	
  the	
  UCSC/
NRL	
  process

Tex

Handle wafer

sensor

trenches

Buried
oxide

readout
IC and pads200 micron

Tile after handle wafer 
removal and 
singulation

Text
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SiPM-­‐Based	
  3D	
  Tracking	
  (Lipton)
• In	
  a	
  silicon	
  strip	
  or	
  pixel	
  detector	
  much	
  of	
  the	
  

power	
  is	
  devoted	
  to	
  biasing	
  the	
  front-­‐end	
  
transistor

• We	
  can	
  avoid	
  this	
  using	
  avalanche	
  effects	
  in	
  
silicon	
  (like	
  gas)

• SIPMs	
  could	
  do	
  this	
  if	
  the	
  singles	
  rates	
  were	
  
not	
  so	
  high

• More	
  than	
  enough	
  primary	
  electrons	
  in	
  an	
  SIPM	
  thinned	
  to	
  1-­‐2	
  microns

• Reduce	
  high	
  “single	
  photon”	
  noise	
  rates	
  by	
  a	
  local	
  coincidence

• Ask	
  for	
  hits	
  within	
  a	
  few	
  ns	
  in	
  two	
  adjacent	
  layers

• Use	
  3D	
  integraMon	
  to	
  mate	
  2	
  SiPMs	
  and	
  ask	
  for	
  coincidence

• Response	
  could	
  be	
  very	
  fast	
  -­‐	
  <100	
  ps	
  since	
  all	
  capacitances	
  are	
  low

• Subpixel	
  hit	
  resoluMon	
  ~15	
  microns

• Very	
  substanMal	
  power	
  reducMon

• We	
  have	
  already	
  proposed	
  single	
  layer	
  3D	
  SiPMs	
  as	
  opMcal	
  sensors	
  with	
  subpixel	
  
posiMon	
  resoluMon	
  acMve	
  subpixel	
  quenching	
  and	
  improved	
  Mme	
  resoluMon.

READOUT FLEX

Ask for coincidence between top 
macropixel (~mm) and bottom micropixels
readout with micropixel granularity 

Top SiPM Layer

Bottom SiPM Layer

Readout Circuit Layer
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Summary

• We	
  scratched	
  the	
  surface	
  of	
  tracking	
  and	
  detector	
  technology	
  for	
  future	
  project	
  X	
  
experiments

• Most	
  of	
  the	
  discussion	
  was	
  based	
  on	
  exisMng	
  or	
  near-­‐future	
  experiments	
  -­‐	
  

• Not	
  enough	
  Mme	
  and	
  effort	
  to	
  really	
  understand	
  the	
  tradeoffs	
  -­‐	
  and	
  details	
  maWer

• We	
  really	
  need	
  simulaMon	
  of	
  proposed	
  geometries	
  to	
  understand	
  requirements	
  and	
  
tradeoffs

• Gas	
  tracking	
  is	
  a	
  well	
  developed	
  technology

• There	
  is	
  always	
  room	
  for	
  innovaMon	
  -­‐	
  mulM	
  anode	
  straws

• No	
  discussion	
  on	
  pixelated	
  gaseous	
  tracking	
  (micromega,	
  TPC,	
  GEM,...)	
  -­‐	
  could	
  be	
  
strong	
  candidates

• Silicon	
  leverages	
  CMOS	
  technology	
  development.	
  Candidate	
  technologies	
  exist	
  for	
  
precise,	
  low	
  mass	
  silicon	
  tracking	
  systems.

• Power	
  is	
  a	
  major	
  issue

• New	
  technologies	
  may	
  provide	
  soluMons	
  (3D	
  SiPM	
  ...)
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